1. In most birds and mammals, larger individuals of the same species tend to be found at higher latitudes, but in insects, body size-latitude relationships are highly variable.
Introduction
Understanding the global distribution of organism body sizes informs fundamental ecological processes, including community structure and function (Hébert et al., 2015) and ecosystem services (Sheridan & Bickford, 2011) . One of the most thoroughly studied patterns of body size distribution is described by Bergmann's rule, which states that 'within species and amongst closely related species of homeothermic animals, a larger size is often achieved in colder climates than in warmer ones, which is linked to the temperature budget of these animals' (Bergmann, 1847; Salewski & Watt, 2017) . Because they have smaller surface area to volume ratios, larger organisms conserve heat better than their smaller-bodied counterparts (i.e. radiate less body Correspondence: Michelle Tseng, Departments of Botany and Zoology, Biodiversity Research Centre, University of British Columbia, 3200-6270 University boulevard, Vancouver, BC V6T 1Z4, Canada. E-mail: mtseng@zoology.ubc.ca heat per unit of mass). Conversely, the higher surface area to volume ratios of smaller animals in hot and dry climates facilitate heat loss. Thus in organisms with large range sizes, larger-bodied individuals tend to be found in cooler climates. Indeed, this pattern is commonly found in birds and mammals (Ashton, 2002; Clauss et al., 2013) , but body size-latitude patterns in insects, the largest and most specious animal group, are highly variable (Shelomi, 2012) . For example, beetle body size has been shown to increase (Painting et al., 2014) , decrease (Tang et al., 2017) , or have no relationship with latitude (Haga & Rossi, 2016) . The mean size of worker ants, but not ant colonies, increases with latitude (Bernadou et al., 2016) , and cricket body size decreases with latitude (Zeng & Zhu, 2014) and elevation (Eweleit & Reinhold, 2014) . Previous studies have suggested that Bergmann's rule sensu stricto may not apply to insects, because most are ectothermic and thus less able to maintain a constant body temperature compared with endothermic birds and mammals (Vinarski, 2014; Osorio-Canadas et al., 2016) . Accordingly, there should be minimal selection for larger Evans and Bellamy (2000) bodies at higher latitudes/cooler climates. Uneven support for Bergmann's rule in insects has also been attributed to small sample sizes, seasonality (Schutze & Clarke, 2008) , length of the growing season (Mousseau, 1997) , variation in voltinism with latitude Zeuss et al., 2017) , and to studies that compare insect body sizes across inconsistent latitudinal range sizes (Shelomi, 2012) . Two recent developments in insect biology suggest that some insects should follow Bergmann's rule: (i) an increasing number of studies on the thermal biology of insects has shown that life-history traits of larger-bodied insect species are more likely to be affected by changing temperature, compared with those in smaller-bodied insect species; and (ii) larger-bodied insects are better able to regulate their internal body temperature than are smaller-sized insect species (Bishop & Armbruster, 1999; Verdú et al., 2006; Osorio-Canadas et al., 2016; Tseng et al., 2018) . Together these findings suggest that size-dependent responses to temperature may be widespread in insects, and that interspecific variation in body size itself may help to explain the inconsistent intraspecific relationship between body size and latitude in insects. Specifically, if larger-bodied insects are better able to maintain their internal body temperature, then larger-sized insect species may be more likely than smaller-sized insect species to show Bergmann's rule. Additionally, if smaller insect species are less able to regulate their internal body temperature, then higher latitudes or decreased temperatures and shortened growing seasons may select for faster growth, earlier maturation, and smaller size at maturity (Schutze & Clarke, 2008) . Overall this would lead to a pattern of inverse Bergmann's rule in smaller-sized insect species, and Bergman's rule in larger species.
Here we test the prediction that interspecific variation in body size helps to explain whether or not an individual insect species follows Bergmann's rule. If temperature is a primary driver of body size, larger-sized insect species should be more likely to increase in size with latitude, and vice versa in smaller-sized species. We use Coleoptera (beetles) as a case study because they are among the most specious animal groups on Earth (New, 2007) , they play diverse ecological roles, and are found in almost every ecosystem (Gurney & Lawton, 1996) . Additionally, they are well represented in both physical and digital natural history collections, thus enabling one to examine latitude-body size relationships across multiple species, and across large latitudinal ranges.
Materials and methods
We measured the body size of 12 species from four families: Table 1 .
We used elytron length as a proxy for body size (Schmitz et al., 2000) . Elytron length data for A. quenseli, C. nemoralis, H. fraternus, P. algidus, and S. angusticollis were recorded as part of a large study examining beetle body size changes over time (Tseng et al., 2018) . These beetles are part of the Spencer Entomological Collection at the Beaty Biodiversity Museum (Vancouver, BC, Canada), and were collected using pitfall traps by entomologists George Spencer and Geoffrey Scudder. Digital photographs of the beetles were taken, and the length of the left elytron (medial margin) was measured using imagej (Rasband, 2016) . We remeasured 155 beetles to confirm the precision of the elytron length measurements and found a 97% correlation between the original and the remeasured value. Latitude and longitude of collection sites for these specimens were obtained using Google Maps.
Digital images and latitude/longitude data for C. calidum, C. sylvosus, C. vinctus, C. trivittatus, C. lugubris, P. decemlineata, and C. concolor were obtained from the Integrated Digital Biocollections (iDigBio, 2017; https://www.idigbio.org,) an online repository for digitalised natural history collections. Elytron length for these species was measured by one of the authors (MT) using the built-in screen-pixel measuring tool in Apple OS, and pixels were scaled using the ruler included in each digitised beetle image. Twenty of these images were also measured using imagej to confirm that the two measuring methods produced the same results. Finally, for 40 images in this set, each image was measured twice to confirm the repeatability of this measuring method (correlation = 97.5%). To test the relationship between latitude and body size within species, we only included beetle species that had been collected in locations spanning > 7 ∘ in latitude, and at a minimum of three different latitudes within this range. On iDigBio, we searched through all Carabidae (ground beetles), Scarabaeidae (scarab beetles), Tenebrionidae (darkling beetles), Curculionidae (weevils), and Elateridae (click beetles) for photos with scale bars (n = 66 850 entries). We confined our search mostly to North America (excluding Hawaii) to minimise variation in longitude. Although sexual size dimorphism, collection site elevation, and voltinism are all factors known to affect beetle body size (Shelomi, 2012; Zeuss et al., 2017) , we were interested specifically in whether body size alone could explain variation in insect size-latitude responses, and thus ignored these other factors.
We used linear mixed effects models (r version 3.3.0; packages lme4, lmerTest) to investigate whether there was a significant overall effect of latitude on beetle body size across all species. To minimise the effect of among-species variation in the number of beetles measured per latitude, we used the mean elytron length per latitude as the dependent variable. We log-transformed elytron length to reduce the magnitude of body size variation among species, and then converted slopes to 'percentage change in elytron length per degree latitude' using the formula: [exp (slope) -1] × 100. The log-transformation and percentage conversion is commonly used when examining relative changes in body size because it is largely unbiased by absolute body size . We included 'species' and 'family' as random effects, with 'species' nested within 'family'. We were not able to use phylogenetic independent contrasts because there is no published phylogeny that includes the 12 species included in this study. We were also not able to create a phylogeny based on sequence data for these species because data are not available for all 12 species.
We used all available data per species to calculate the slope of the relationship between body size and latitude, for each Fig. 2. (a) Relationship between latitude and beetle body size (log elytron length, mm) for 12 species of beetles. The overall slope is −0.0044 (P = 0.0003), which is equivalent to a 1-mm decrease in elytron length per degree latitude. Plotted points are the mean values for each latitude for each species. (b) Relationship between the size-latitude response and mean beetle body size. Small-bodied beetle species are more likely to decrease in size with increasing latitude, whereas larger-bodied species are more likely to increase in size with latitude. Each point represents the mean body size and the 'log elytron length by latitude' slope, for each of the 12 species in (a). The shaded region is the 95% confidence interval around the slope.
[Colour figure can be viewed at wileyonlinelibrary.com]. species. We first used anova to confirm that 'family' did not explain significant variation in the 'body size by latitude' slope (family effect: F 3,7 = 0.81, P = 0.53). We next used major axis regression to examine whether mean beetle species body size was a significant predictor of the likelihood of a beetle species to increase or decrease in size with latitude. All statistical analyses were conducted in r version 3.3.0 (R Core Team, 2016) .
Results and Discussion
In total we measured 4212 physical and digital specimens, which covered 12 species (four families), and ranged in distribution from 14.5 ∘ N to 60.1 ∘ N (770-4800 km, Fig. 1 ). Across all species, elytron length ranged from 2.86 to 22.07 mm. Body length of Coleoptera ranges from 0.4 to 62 mm (White, 1998) and the mean or median size of all Coleoptera is unknown. A recent study estimated the mean body size of all British beetles (2652 species) to be c. 3.5 mm (Stork et al., 2015) , but because the largest species of beetles are found in the tropics (Kawano, 2002) , it is unclear how similar the mean size of British beetles is to the global mean.
On average, beetle body size (elytron length) decreased approximately 1 mm per degree of latitude ( Fig. 2a : average slope = −0.0044, F 1,269.23 = 10.17, P = 0.0003). Beetle family explained a negligible amount of variation in the beetle body size (SD < 0.0001). Consistent with previous studies of size-latitude relationships in insects (Shelomi, 2012; Horne et al., 2015; Sukhodolskaya & Saveliev, 2016) , there was among-species variation in the relationship between latitude and body size, with some species showing a positive relationship between body size and latitude, and others showing negative or no relationships (Fig. 2b) . Importantly, 29% of this body size-latitude response variation was explained by interspecific variation in beetle species body size ( Fig. 2b ; r 2 = 0.29, slope = 3.85, P = 0.029). As predicted, smaller-sized beetle species were more likely to decrease in size as latitude increased, whereas larger-sized beetles were less likely to decrease. This pattern was not influenced by species-specific latitudinal range (F 1,10 = 0.63, P = 0.45). Additionally, all of the results are qualitatively similar if we omit H. fraternus, C. nemoralis, and A. quenseli (i.e. three species with latitudinal gaps) from the analyses. Finally, it is unlikely that sexual size dimorphism or elevation would have driven the patterns that we report here because there would have to have been systematic biases in collector behaviour, with more males collected at lower latitudes/elevations for larger-bodied beetles, and more females being collected at lower latitudes/elevations for smaller-bodied beetles.
If we use latitude as a proxy for temperature, the positive relationship between the 'change in body size per latitude', and 'mean body size', is consistent with results from a previous study showing that, for both laboratory-reared and wild-caught beetles, larger-sized beetle species were more likely to decrease in size with warming temperatures, while smaller-sized species increased in size (Tseng et al., 2018) . Our data are also in line with a recent study reporting that only bees over 27 mg showed a negative relationship between seasonal temperature and body size (Osorio-Canadas et al., 2016) . The data presented here thus show that interspecific variation in the responses of beetle body size to latitude are congruent with body size responses to temperature. These data suggest that size-specific responses to temperature may be a general mechanism explaining among-species variation in size-latitude relationships in beetles as well as other insects. The beetle species included in this study are a small fraction of the estimated 400 000 described species of Coleoptera, and it is possible that as more data become available, these patterns may shift. However, we feel confident in the data presented here, given the large overall sample size and wide latitudinal range per species. Based on these 12 species, we expect beetles with elytra longer than c. 13 mm to show Bergmann's rule, possibly because of the increased capability of larger-bodied insects to maintain higher internal body temperatures. Given increasing evidence for size-specific responses of Hymenoptera and Coleoptera to temperature (Osorio-Canadas et al., 2016; Peters et al., 2016; Tseng et al., 2018) , we predict that this pattern is likely to hold for other insect groups as well.
